Therapeutic area guidelines (TAGs) published by the EMA and the FDA offer guidance in planning the launch of a trial in a certain indication. We assessed and compared the guidance on preclinical efficacy of all available TAGs from EMA and FDA.
Introduction
Preclinical studies are intended to provide a key resource for risk-benefit assessment prior to early phase clinical trials. In general, the preclinical safety studies (mainly pharmacokinetics and toxicology) inform judgments about risk, and the preclinical efficacy studies (as part of the pharmacodynamics) inform judgments about benefit ('clinical promise'). Those designing a particular early human study need to provide a set of preclinical studies (most often animal studies) that is sufficient to demonstrate a favourable balance of safety and clinical promise.
Whether a set of preclinical animal studies is 'sufficient' to demonstrate efficacy and safety or not depends on the questions these studies addressed as well as on their study design features that aim to reduce validity threats. Over the past 10 years, many commentators have raised concerns about the design and reporting of preclinical reports (Kilkenny et al., 2009; Prinz et al., 2011; Begley and Ellis, 2012; Howells et al., 2014) , and some linked these concerns to the high attrition rates in clinical research (Prinz et al., 2011) . Some have further argued that regulatory bodies do not routinely assess preclinical efficacy studies when authorizing early phase studies (Kimmelman and Federico, 2017) . Recent analyses on how preclinical efficacy data are reported within investigator brochures for early phase studies intensified this concern (Wieschowski et al., 2018; Yasinski, 2018) . One opportunity for probing this claim more deeply is to look at the recommendation on preclinical efficacy studies contained in regulatory guidelines.
There are no overarching regulatory guidelines that specify guidance on preclinical efficacy. For preclinical safety studies, in contrast, extensive regulatory guidance exists. The European Medicines Agency (EMA) provides over 50 guidelines for non-clinical toxicology that "help medicine developers prepare marketing authorisation applications for human medicines" (European Medicines Agency, 2017a). Another five guidelines specify non-clinical guidance on pharmacokinetics and toxicokinetics as well as safety pharmacology (European Medicines Agency, 2017a). Most of these safety guidelines have an overarching character and address non-clinical guidance that applies to several drug classes or therapeutic areas.
This lack of 'overarching' efficacy guidelines, however, might not be surprising because judgements about whether a certain set of preclinical efficacy studies is sufficient for clinical translation is much more dependent on specific disease models, therapeutic areas or drug class. Therefore, regulatory guidelines for specific therapeutic areas could provide a more suitable approach to navigate the complexity of preclinical efficacy recommendations. Within the European Union, common market applications for marketing authorization are required to fully comply with the EMA 'guidelines on clinical efficacy and safety' and to justify any deviation (European Medicines Agency, 2009). These guidelines are "intended to give guidance (…) in planning the overall pharmaceutical product development, as well as the non-clinical and clinical tests and studies of a compound intended to be used as human or veterinary medicinal products" (European Medicines Agency, 2009). The U.S. Food and Drug Administration (FDA) also recommends compliance with similar guidelines, and deviations must be discussed with the agency (Food and Drug Administration, 2017b ). We will refer to these EMA and FDA guidelines as Therapeutic Area Guidelines (TAGs).
This study assessed and compared the content for preclinical efficacy in all accessible TAGs from the EMA and the FDA. In addition, we compared the recommendations in TAGs with those presented in a systematically derived sample of experts guidelines for in vivo animal experiments (Henderson et al., 2013) .
Methods

TAGs search
EMA and FDA websites were searched for TAGs in December 2016. The EMA lists all guidelines on 'clinical efficacy and safety' under a common heading (European Medicines Agency, 2017b) . A subsequent search using the site-wide search on the EMA's website was conducted to retrieve potentially relevant TAGs not listed under the common heading. Because the FDA does not group scientific guidelines under a common heading, a search was conducted using the database for FDA Guidance Documents (Food and Drug Administration, 2017a) . All EMA and FDA guidelines were checked for relevance by two authors (W.C. and S.W.), and all documents relating to clinical development in specific therapeutic areas were identified and downloaded.
Comparative content analysis of EMA and FDA guidelines
All included EMA and FDA TAGs were categorized under one of 12 therapeutic areas as proposed by the EMA (European Medicines Agency, n.y.). We then applied a mixed deductive and inductive approach to analyse the TAGs' recommendations on preclinical efficacy. First, for the deductive approach, a matrix of different preclinical efficacy study design elements was derived from the International Council for Harmonization (ICH) Guideline on Good Clinical Practice (International Conference on Harmonization Working Group, 1996) . We referred to the ICH Guideline as it is recognized by the EMA and FDA, and the preclinical provisions outlined in this guideline apply to all clinical trials, though ICH does not itself provide any TAGs. Second, to increase sensitivity and specificity in our assessment, the matrix also allowed the (inductive) inclusion of 'Other preclinical efficacy study design elements' not addressed in the ICH guideline.
Two researchers (W.C. and S.W.) independently analysed all included TAGs. For each TAG, all relevant text passages that gave guidance on preclinical efficacy were extracted. Thematic text analysis guided by the assessment matrix was applied to all text passages to assess preclinical study design recommendations presented in each TAG. The researchers (W.C. and S.W.) compared their extractions in order to check for differences in rating and extracting. All differences were resolved by discussion. H.L. and D.S. further double-checked the results of the thematic text analysis for validity and consistency, each taking a subsample of 20 guidelines.
Comparison with scientific expert guidelines for in vivo animal experiments
For the identification of scientific expert guidelines, we referred to a systematic review of guidelines addressing design and conduct of preclinical efficacy studies (Henderson et al., 2013) . The 26 guidelines identified in this review cover a diverse range of therapeutic areas with a total of 18 distinct indications. For those expert guidelines covering an indication that matched with a TAG indication, we checked if the corresponding EMA and FDA TAGs contained guidance on preclinical efficacy.
As this study was literature based and did not involve human subjects, no ethical approval was necessary.
Results
We identified 114 unique TAGs from EMA, and 120 from FDA that met our eligibility criteria (see flow diagram in Figure 1 ). These 234 TAGs covered 126 distinct indications (Table 1;  also Supporting Information Table S1 ), which fitted into 11 distinct therapeutic areas. Indications ranged from common (e.g. diabetes mellitus) to orphan diseases (e.g. Duchenne muscular dystrophy). For 34 indications, both the FDA and the EMA provided at least one guideline. For the remaining 92 indications, we found guidance from one agency only.
In total, 25% (n = 29) of all 114 EMA and 42% (n = 50) of all 120 FDA TAGs included at least one recommendation on a particular aspect of preclinical efficacy studies or at least one remark on the need to test efficacy in preclinical studies (see Table 2 ). More specifically, 9% (n = 10) of all EMA and 25% (n = 30) of all FDA TAGs described a suitable preclinical efficacy model. Efficacy characteristics such as the desired nature, intensity or duration of effects were mentioned in 12% (n = 14) of all EMA and 16% (n = 19) of all FDA TAGs.
We further differentiated guidance on preclinical efficacy based on whether it addressed general versus specific study design elements, with the underlying assumption that general guidance is less helpful for practical needs in risk-benefit assessment (see Table 2 ). Guidance on choice of animal models tended to be specific (in 7 of 10 EMA TAGs and in 18 of the 30 FDA TAGs).
An example for specific guidance on efficacy models was found in the EMA TAG on 'Non-clinical and clinical development of similar biological medicinal products containing low-molecular-weight heparins (LMWH)': "(…) in vivo pharmacodynamic activity of the similar and the reference LMWH should be quantitatively compared in an appropriate in vivo pharmacodynamic model, which takes into account state of the art knowledge about clinically relevant pharmacodynamic effects of LMWH and includes, at least, an evaluation of anti-FXa, and
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Flow chart: Search for EMA and FDA TAGs. An example of a general guidance for efficacy models can be found in the EMA TAG 'Evaluation of anticancer medicinal products in man -addendum on paediatric oncology': Other guidance, such as on outcome measurements, was more often of general nature (in 9 of the 14 EMA TAGs and in 13 of the 19 FDA TAGs). Please refer to Supporting Information Table S2 for further text examples of general and specific guidance. None of the 234 TAGs addressed general internal validity issues like randomization, blinding of outcome assessment or sample size calculation.
Of all 234 TAGs, 18 addressed indications that were also addressed by scientific expert guidelines on preclinical efficacy issues reviewed in the Henderson et al. (2013) existing set of preclinical recommendations, half of them (n = 9) did not address any of these preclinical efficacy recommendations (see Table 3 for details). Only one TAG explicitly referred to the existing expert guidelines.
Discussion
In this study, we reviewed the full sample of TAGs (Therapeutic Area Guidelines) from EMA and FDA and assessed to what extent they provide advice on preferred design measures or other characteristics of preclinical efficacy studies. A core finding is that most TAGs (75% of EMA and 58% of FDA TAGs) do not include any remarks on preclinical efficacy. Among those TAGs that do contain at least some advice, most recommendations are of general nature, addressing neither specific design measures nor specific characteristics of animal models. Whereas regulatory agencies provide extensive guidance on the design and objectives of preclinical safety studies, they do not do so for preclinical efficacy studies. However, regulatory agencies might have good reason for more recommendations on preclinical study design. Though the majority of new investigational drugs survive the phase I trials evaluating safety, 70% of phase II trials fail to demonstrate efficacy (Hay et al., 2014) . Such failures are costly and expose patients to ineffective therapeutic regimens. Many commentators have questioned design and reporting standards for preclinical efficacy studies (Prinz et al., 2011; Begley and Ellis, 2012; Kimmelman and Federico, 2017; Mattina et al., 2017) . Better regulatory guidance on the design of preclinical efficacy studies might help reduce the burdens and costs associated with attrition during drug development. Just recently, the need for more robust study designs in preclinical efficacy studies was highlighted (Mattina et al., 2016) . Regulatory guidelines could strongly support these activities (Begley and Ellis, 2012) .
The limited guidance on the design of preclinical efficacy studies in TAGs contrasts with the abundance of recommendations in the scientific literature (Henderson et al., 2013) . For instance, the Stroke Therapy Academic Industry Roundtable (STAIR) publishes and updates recommendations for preclinical standards in the development of drugs for acute ischaemic stroke . STAIR provides a section with 'Recommendations to Clinicians on the Evaluation of Preclinical Data With Neuroprotective Drugs'. These recommendations include, for example, (i) demonstrating dose response, (ii) the window of opportunity or therapeutic time window, (iii) physiological monitoring performed in randomized and blinded studies, (iv) outcome measures including infarct volume and functional assessment in acute as well as long-term phase studies and (v) initial studies performed in rodents, with subsequent studies in larger species, such as cats. However, the EMA TAG for stroke does not refer to any of these preclinical recommendations (European Medicines Agency, 2001 ) and the FDA does not provide a stroke-specific TAG. Indeed, we found only one intervention -drug eluting stent -where regulatory guidelines appeared to draw on state-of-the-art thinking about design of preclinical efficacy studies (Schwartz et al., 2008) .
Opponents of more explicit guidance on preclinical design standards in TAGs might argue that the determination of the sufficient set of preclinical efficacy studies to inform phase I/II trials is too case specific. Vestergaard et al. claim that for innovative medicines with high complexity, classical regulatory approaches based on guidelines are too inflexible and thus insufficient (Vestergaard et al., 2013; Narayanan et al., 2014) . Instead, they argue that regulators should establish preclinical study recommendations on a case-by-case approach. Their conclusion is based on an analysis of the scientific advice provided by the Committee for Medicinal Products for Human Use at the EMA and is thus limited to Advanced Therapy Medicinal Products. However, the authors further argue that such tailored approaches might also be suitable for other medicinal products with high levels of specificity (Vestergaard et al., 2013) .
Nevertheless, tailored approaches without any underlying (specific) standards have drawbacks. First, decisions on preclinical efficacy studies that are based solely on expert judgments made in individual negotiations between sponsors and regulatory agencies will lack transparency. Second, it seems highly inefficient to 'tailor' negotiations for preclinical efficacy study design if there are recurring features; madeto-measure clothes also start with at least basic models and body plans. The more transparent and specific regulatory standards for preclinical studies are, the easier it is to justify deviations from such standards. Making guidance on preclinical efficacy studies for drug development more explicit in TAGs would also provide a measure of transparency on how regulatory agencies assess risk-benefit in early phase trials. It would also help Institutional Review Boards (IRBs), Data and Safety Monitoring Boards or investigators to clarify and judge the risk-benefit profile for early human studies (Kimmelman and Federico, 2017) . Furthermore, explicit guidance on preclinical efficacy studies might help to reduce the number of animals used in research, especially when accompanied by other means to contribute to this reduction, such as animal study registries (Wieschowski et al., 2016) .
We recognise that our analysis has several limitations. We only reviewed TAGs from the EMA and FDA. TAGs from other regulatory agencies might complement a sample for future studies. Moreover, further research is needed to better understand the rationales for why regulatory TAGs from FDA and EMA do not include recommendation on how to design preclinical efficacy studies more often and in more detail.
The EMA, FDA and other regulatory bodies are accountable for scientific oversight in drug development including risk-benefit assessment for clinical trials. TAGs provide a basis to support structure and transparency in judgements on whether the evidence for preclinical efficacy is appropriate for starting early phase clinical trials on new investigational drugs. Our findings indicate, however, that this basis could in many cases be improved and extended by giving more explicit guidance on how to appropriately design preclinical efficacy studies. Further research, expert discussion and pilot tests are needed to determine the characteristics of efficient, but at the same time sufficient, guidance on preclinical efficacy studies that should be included in TAGs.
